(diferuloymethane) is one such phytochemical and is a major constituent of the yellow spice turmeric derived from the rhizomes of Curcuma spp. (2) .
Curcumin has potent anti-inflammatory, anticarcinogenic and antioxidant activities, and a number of preclinical trials have been conducted to assess its therapeutic potential (3) (4) (5) . Following oral administration, curcumin has been shown to prevent cancer in the colon, skin, stomach, liver, lung, duodenum, soft palate and breasts of rodents (6, 7) . In a rat model of acute ulcers, curcumin potently attenuated the ulcer activity by preventing glutathione depletion, lipid peroxidation and protein oxidation. Both oral and intraperitoneal administration of curcumin blocked gastric ulceration in a dose-dependent manner (8) . In animal studies of arthritis, oral administration of curcumin decreased the levels of the inflammatory glyprotein Gp A72, with a reduction in the inflammatory response in the paws (9) .
The anti-inflammatory properties of curcumin seem to be mediated by modulation of the activity of signaling pathways and transcription factors, especially nuclear factor-jB (NF-jB), activating protein-1 (AP-1) and MAPKs (10) . Downregulation of the activation of NF-jB and MAPKs by curcumin suppresses the expression of interleukin-6 (IL-6), interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a), MMP-2 and MMP-9 in the late phase of experimental acute pancreatitis (11) , in the modulation of arthritis (12) (13) (14) (15) , in the prevention and healing of indomethacin-induced gastric ulcer (8) and in the treatment of inflammatory bowel disease and CrohnÕs disease (16) (17) (18) .
Periodontal disease initiation and progression occur as a consequence of the host response to microorganisms of the dental biofilm. Besides their role as stimulants of the host response, periodontal pathogens release harmful byproducts and enzymes that break down extracellular matrix components, such as collagen, as well as host cell membranes. Once the host response is initiated, various inflammatory molecules, such as cytokines and prostaglandins, are released from leukocytes, fibroblasts or other host tissue-derived cells (19) (20) (21) . Chronic periodontal inflammation perpetuates and amplifies itself through numerous autocrine and paracrine regulatory loops of the inflammatory mediators, acting on cells within the periodontal microenvironment. An improper immune response leads to overproduction of inflammatory cytokines and consequently periodontal attachment loss and bone resorption. Host modulation therapeutic strategies aimed at inhibition of the progression of inflammatory bone loss associated with periodontitis include the blockage of inflammatory cytokines. Recently, the cell signaling pathways that regulate the expression of inflammatory mediators have become promising therapeutic targets (19) .
Although a range of biological and pharmacological activities of curcumin have been reported, its therapeutic potential for destructive periodontal disease is poorly understood. To the best of our knowledge, this is the first study to evaluate the effect of curcumin on the modulation of periodontal disease in vivo.
Besides its anti-inflammatory properties, curcumin has also been shown to improve wound healing by increasing collagen deposition, angiogenesis and the density of fibroblasts, reducing the radiation-induced delay in wound repair (22) . Interestingly, curcumin-treated wounds presented not only a greater number of fibroblasts but also more infiltrating macrophages and neutrophils compared with untreated wounds (23, 24) . These studies demonstrated that treatment with curcumin resulted in faster closure of wounds, better regulation of granulation tissue formation and induction of growth factors (24) , all features that can be extremely useful in the setting of periodontal disease.
These findings prompted us to investigate the effect of systemically administered curcumin on the inflammatory response during the course of ligatureinduced periodontal disease in rats. The present study was undertaken to determine whether curcumin could inhibit connective tissue breakdown in ligature-induced periodontitis in rats. To obtain greater insight into the antiinflammatory effects of curcumin, we assessed the modulation of signaling pathways (p38 MAPK and NF-jB) and the expression of IL-6, cyclooxygenase-2 and TNF-a in the periodontal tissues.
Material and methods

Experimental design
All the experimental protocols were approved by the Ethical Committee for Animal Experimentation (CEEA) of the School of Dentistry at Araraquara -UNESP and performed in accordance with the guidelines from the Brazilian College for Animal Experimentation (COBEA).
Sixty male Holtzman rats (Rattus norvegicus albinus Holtzman), weighing between 100 and 200 g, were randomly distributed into the following six experimental groups comprising 10 animals each: (i) vehicle control (no ligatures); (ii) vehicle periodontitis (with ligatures); (iii) curcumin 30 mg/kg control (no ligatures); (iv) curcumin 30 mg/kg periodontitis (with ligatures); (v) curcumin 100 mg/kg control (no ligatures); and (vi) curcumin 100 mg/ kg periodontitis (with ligatures). The rats were kept in a room with controlled temperature (21 ± 1°C) and humidity (65-70%) and a 12 h-12 h light-dark cycle. Animals were fed standard rat chow and water ad libitum. To induce periodontitis, three groups of rats were anesthetized by intramuscular administration of ketamine (80 mg/kg body weight; Francotar, Virbac of Brazil Ind. and Com. Ltd, Sa˜o Paulo, Brazil) and xylazine (20 mg/kg body weight; Virbaxil, Virbac of Brazil Ind. and Com. Ltd), and cotton threads were tied around the first molars bilaterally.
Administration of curcumin started the day before the placement of ligatures for the induction of periodontal disease. Curcumin was administered by the intragastric route daily by gavage in two different dosages: one group received the lower dose of 30 mg/kg body weight, and the other group received 100 mg/kg body weight. Control animals were given the same volume of the corn oil vehicle. Fifteen days after the placement of ligatures, the animals were killed by an overdose of anesthetics and the mandibles hemisected. This period was selected based on a previous publication (25) demonstrating that 15 d corresponds to the peak of inflammatory severity in this experimental model. Eight block sections including first and second molars with their surrounding tissues were submitted to routine histological processing for descriptive and stereometric evaluation, whereas in the remaining block sections the soft tissues surrounding the teeth and overlying the bone from other blocks were carefully dissected and used for the extraction of total RNA and protein.
These tissue blocks were immersed directly in 10% buffered formalin fixative solution for 48 h and decalcified in tetrasodium-EDTA aqueous solution (0.5 M, pH 7.4) for 2-3 mo, under agitation at room temperature. Each specimen consisted of a section containing the first and second molars and their surrounding alveolar process and was included in paraffin blocks. Serial 4 lM sections were obtained in the bucco-lingual direction and stained with hematoxylin and eosin.
Stereometry
The analysis was conducted by a single examiner, who was blinded to the experimental groups, using an optical microscope (Diastar; Cambridge Instruments, Buffalo, NY) set at ·200 magnification. Semi-serial sections of 4 lM were obtained from the tissue blocks on a buccal-lingual orientation. A total of three sections, spaced 100 lM from each other, were evaluated per tooth. A 50 lM · 50 lM grid was overlaid over the histological images, allowing the analysis of an Ôarea of interestÕ of 2500 lM 2 . Two grids composed of five-by-five 10 lM squares were used in each histological image; one was positioned with its lower border 25 lM below the top of the alveolar bone crest and perpendicular to the root surface, and the other was positioned with its upper border at the base of the junctional epithelium, representing the Ôbone crestÕ and ÔsubmarginalÕ areas, respectively. In both cases, the lateral border of the grids was always positioned over the most prominent part of the root surface in the area. Each one of the 25 points of the grid projected on each section was counted, and the proportion of collagen, fibroblastic cells and inflammatory cells (distinguished by morphological characteristics) in the area of interest was determined as a percentage of the total points counted. A total of three images obtained from equally spaced slides (spanning 900 lM of the buccal-lingual aspect of the molars) were evaluated from each animal. Slides from at least three animals in each experimental group were used.
Micro-computed tomography and bone volume fraction analysis
After dissection of the soft tissues used for RT-qPCR and western blot experiments, the mandibles were tumbled in 10% formalin at 4°C overnight, transferred to a 70% ethanol solution and stored at 4°C. Specimens were scanned using micro-computed tomography with 18-lm-thick sections at the Orthopaedic Research Laboratories of the University of Michigan (Ann Arbor, MI, USA). After three-dimensional reconstruction, the results were analysed using GE Microview software (GE Healthcare, Piscataway, NJ, USA) to quantify bone volume fraction. In each scan, a three-dimensional standardized region of interest was defined by the following landmarks: the apex of the distal root of the first molar (apical limit); the bottom of the furcation of the first molar (coronal limit); the most distal aspect of mesial root of the second molar (posterior limit); and the most mesial aspect of the mesial root of the first molar (anterior limit). The analysis of bone volume fraction (BVF) was calculated with a threshold of 1621 arbitrary units for the detection of mineralized tissue within the region of interest.
Evaluation of cytokine gene expression at the mRNA level (RT-qPCR)
Total RNA was extracted from tissue samples using TRIzol Ò reagent (Invitrogen Corp., Carlsbad, CA, USA) according to the manufacturerÕs instructions. The concentration of RNA was determined by spectrophotometry, and 700 ng of total RNA was reverse transcribed into cDNA using random hexamers as primers (High Capacity cDNA synthesis kit; Applied Biosystems, Carlsbad, CA, USA). The relative abundance of the transcripts of the candidate inflammatory genes were measured by real-time RT-PCR using Taqman chemistry and predesigned sets of primers and probes (TaqMan Gene Expression Assays; Applied Biosystems) on a StepOne Plus Real-Time PCR System (Applied Biosystems). The reactions were carried out in a 96-well plate in a final reaction volume of 30 lL that included Taqman Universal PCR Master Mix (Applied Biosystems), cDNA template (corresponding to 30 ng of cDNA and Taqman Gene Expression Assays (Applied Biosystems) for each target gene: TNF-a, NM_013693; IL-6 (interleukin 6), NM031168; Ptgs-2 (prostaglandinendoperoxide synthase-2), NM_011198; and Gapdh (glyceraldehyde-3-phosphate dehydrogenase), NM_008084). Optimized thermal cycling conditions were as follows: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. For each sample, analyses of gene expression were performed in duplicate. The experiments were with samples isolated from at least three different animals in each experimental group. To normalize the amount of mRNA present in each reaction, the expression of GAPDH, which was not altered by the experimental conditions, was used as a housekeeping gene. To compare the expression levels among different samples, the relative expression level of the genes was calculated using the comparative DCt method using the StepOnePlus software, Applied Biosystems, Carlsbad, CA, USA.
Activation of signaling pathways (western blot) and determination of cytokine gene expression at the protein level (ELISA)
Total proteins were extracted from gingival tissue samples using a detergentbased extraction buffer (Tissue Protein Extraction Reagent [T-PER]; Pierce Biotechnology; Thermo Fischer Scientific, Rockford, IL, USA) containing a protease inhibitor cocktail (Protein Stabilizing Cocktail; Santa Cruz Biotechnology) (Santa Cruz, CA, USA) according to the manufacturerÕs instructions (Pierce Biotechnology). The tissue samples were macerated in the buffer (50 lL/mg of tissue) and centrifuged for 5 min at 16,000 g at 4°C. The proteins were quantified using the Lowry method (DC assay; Bio-Rad Laboratories) (Hercules, CA, USA), and 40 lg of total protein was added to an SDS sample buffer containing 2% SDS, dithiothreitol as a reducing agent, glycerol and bromophenol blue dye (Cell Signaling, Beverly, MA, USA), heat-denaturated at 97°C for 5 min and chilled on ice for 5 min before loading on 10% SDS-polyacrylamide gels.
Electrophoresis on discontinuous acrylamide gels was carried out at 100 V for 90 min and subsequently electro-transferred to 0.2 lM nitrocellulose membranes using 300 mA constant current for 1 h. The membranes were blocked for 1 h in Tris-buffered saline (TBS) containing 5% nonfat dry milk and 0.1% Tween-20 and subsequently washed for 5 min (three times) with TBS-0.1% Tween (TBS-T) at room temperature. The membranes were then incubated with primary antibodies overnight at 4°C (1:100 dilution in phosphate-buffered saline; phospho-p65 and phospho-p38; Cell Signaling). Membranes were washed in TBS-T buffer for 5 min (three times) and incubated with secondary antibodies conjugated to horseradish peroxidase (1:1000 dilution in the blocking buffer) for 1 h at room temperature, washed again with TBS-T buffer (5 min, three times). Detection of bands was carried out on radiographic film by using a chemiluminescence system (Lumi-Glo; Cell Signaling).
Proteins from these same samples were also used in the ELISAs to determine the concentration of prostaglandin E 2 (PGE 2 ), IL-6 and TNF-a. These assays were performed according to the manufacturerÕs instructions (R&D Systems, Minneapolis, MN, USA), and the results were normalized to the total concentration of protein in the samples. Samples from at least three animals in each experimental group were used and assayed in duplicate.
Data analysis
The purpose of data analysis was to compare the results from curcumintreated animals with those of vehicletreated control animals. Considering the two experimental groups treated with different doses of curcumin (30 and 100 mg/kg body weight) as independent variables, we used StudentÕs unpaired t-tests for the comparisons between all the groups (control vs. 30 mg/ kg of curcumin, control vs. 100 mg/kg of curcumin and 30 vs. 100 mg/kg of curcumin) with a significance level of 5%.
Results
Alveolar bone loss associated with ligature-induced periodontal disease is not prevented by administration of curcumin
In the three-dimensional reconstructions, the fraction of the region of interest that is occupied by bone tissue (BVF) was significantly reduced (>50% reduction of BVF in comparison with control and vehicle-treated animals without the ligatures, p < 0.05) in the vehicle-treated animals that received ligatures, indicating that the ligatures induced alveolar bone resorption in the 15 d experimental period. The administration of curcumin had no effect on the extent of alveolar bone resorption, since animals treated with both doses of curcumin still presented a significant decrease of BVF in comparison with control animals without ligatures, and no differences were detected in comparison with the BVF of vehicle-treated animals with ligatures ( Fig. 1) . Administration of curcumin or of the corn oil vehicle had no effect on alveolar bone in the absence of ligature-induced periodontal disease.
Curcumin inhibits the ligature-induced inflammatory process and enhances the deposition of collagen A stereometric analysis was performed to correlate the information on the effects of curcumin on the activation of signaling pathways and on the expression of proinflammatory cytokines with the overall modulation of the inflammatory status in the periodontally diseased tissues. Ligature-induced periodontitis induced a clear and obvious inflammatory process, characterized by increased cell and vascular densities and reduced collagen content. Administration of curcumin had a suppressive effect on the inflammation, as evidenced by the absence of inflammatory cells in the submarginal and bone crest areas (Figs 2 and 3) . Collagen content in the tissues was also increased in curcumin-treated animals, which may be due to the inhibition of inflammation and, consequently, of the associated collagen degradation (Figs 2 and 3) . These results indicate a clear correlation between the histological inflammation status and the expression of proinflammatory mediators.
Curcumin inhibits ligature-induced activation of NF-jB, but not of p38 MAPK
Since NF-jB is considered a prime target of curcumin and also based on the relevance of both NF-jB and MAPK signaling pathways for inflammatory cytokine expression, we next evaluated the modulation of these pathways by orally administered curcumin in periodontally diseased tissues.
The placement of a ligature elicited the inflammatory process and increased activation of NF-jB. Administration of curcumin produced a marked, dose-dependent inhibition of NF-jB activation in periodontally diseased tissues. Surprisingly, activation of p38 MAPK was reduced in periodontally diseased tissues. The lower dose of curcumin (30 mg/kg) did not change the reduced activation status of p38 MAPK associated with ligature-induced periodontal disease, whereas the higher dose (100 mg/kg) restored the activation status observed in healthy periodontal tissues (Fig. 4) .
Curcumin completely abrogates PGE 2 synthase (murine cyclooxygenase-2 analogue) mRNA expression in ligature-induced periodontal disease
To investigate the effect of curcumin on ligature-induced inflammatory gene expression, the total RNA and protein were extracted from gingival tissues surrounding the lower first molars of rats with or without ligature placement. RNA samples were used for RT-qPCR and protein samples for the ELISA experiments. Interestingly, animals treated with the higher dose of curcumin (100 mg/kg) presented a marked increase in PGE 2 synthase mRNA levels in comparison with control animals. Ligature placement increased PGE 2 synthase mRNA in the tissues, but treatment with curcumin completely inhibited this increase (Fig. 5) . We could not detect PGE 2 expression at the protein level in our samples, probably due to the reduced level of expression.
Curcumin effectively inhibits IL-6 and TNF-a gene expression
At protein level, the treatment with 100 mg/kg of curcumin induced IL-6 protein expression in nondiseased periodontal tissues; however, there was a dose-independent and significant inhibition of IL-6 mRNA (Fig. 5 ) and protein expression (Fig. 6 ) in periodontally diseased tissues of animals treated with both doses of curcumin. Interestingly, greater inhibition of IL-6 was associated with the lower dose (30 mg/kg) of curcumin. The mRNA expression of TNF-a in ligature-induced periodontal disease was completely inhibited by curcumin (Fig. 5) . Both doses of curcumin inhibited TNF-a protein expression in periodontal tissues surrounding ligated teeth; however, like the regulation of IL-6, this inhibition reached statistical significance only for the 30 mg/kg dose (Fig. 6 ).
Discussion
In this study, we investigated the antiinflammatory effect of curcumin in ligature-induced periodontitis in rats. Curcumin did not affect body weight or the behavior of the experimental animals in comparison with vehicletreated rats. No animal died during the experimental period, suggesting a lack of severe adverse effects associated with curcumin administration, which is supported by studies using similar or higher doses of curcumin in other rat models, where no changes were observed in lymph nodes, pancreas, liver, kidneys or lungs (11, 26) .
The present study demonstrates, for the first time, that intragastrically administered curcumin effectively reduces inflammation and connective tissue breakdown in this experimental periodontitis model. Moreover, we provide evidence that this effect might be explained, at least in part, by the inhibition of IL-6, PGE 2 and TNF-a expression, as a result of the modulation of NF-jB activation. Surprisingly, however, we did not observe any effect of curcumin administration on alveolar bone resorption.
The relevance of these cytokines is supported by studies showing that they have all been found to be significantly elevated in diseased periodontal sites compared with healthy or inactive sites (27) (28) (29) (30) (31) (32) (33) and have been positively correlated with increased probing depth and attachment loss (19, 30, 32) .
Recent studies have found that curcumin is able to suppress NF-jB (1,34-37) and MAPKs (1, 34, 37) , thus reducing the production of inflammatory cytokines, such as IL-6 (11, 26, 34, 36) , TNF-a (11, 26, 34, 38) and PGE 2 (37) . Anti-inflammatory properties of curcumin protected the liver of rats against injury caused by carbon tetrachloride by dramatically suppressing serum levels of TNF-a, IL-6 and interferon-c. The daily doses of curcumin used by those authors were higher than the doses used in our study, but the authors did not observe a dosedependent effect. This may be related to the different experimental models, or the maximal effective dose may have been reached.
Curcumin has also been shown to possess beneficial effects in alleviating arthritic symptoms in both humans and animal models (39) . Indeed, there are clinical trials for the treatment of patients with rheumatoid arthritis and osteoarthritis with high doses of curcumin (40) . Due to their nontoxic and antimutagenic (41) nature, curcumin and other spice-derived principles hold promise in the treatment of arthritis. In animal models, carrageenan-induced paw inflammation was reduced in rats fed with curcumin at 30 mg/kg body weight (9) . Histological changes, including infiltration of immune cells, synovial hyperplasia, cartilage destruction and bone erosion in the hindpaw histological sections, were extensively suppressed by oral administration of curcumin (4-100 mg/kg) in a dosedependent manner (13) . MMP-1 and MMP-3, critical factors in the degradation of joint cartilages, whose levels were prominently increased in the vehicletreated group, were also reduced by curcumin. In regard to the modulation of intracellular signaling pathways, activation of JNK, but not ERK and p38 MAPK, was inhibited in a dosedependent manner (13) .
Although many studies (42) (43) (44) (45) (46) have investigated the effect of curcumin on modulation of different signaling pathways and transcription factors, such as AP-1 and MAP kinases, the best-characterized and most studied molecular target of curcumin is NF-jB. Inhibition of NF-jB may be one of the main mechanisms for the anti-inflammatory effects of curcumin. In the present study, we demonstrated that curcumin inhibited the activation of NF-jB in ligature-induced periodontal disease in rats. Nevertheless, it is possible that the inhibition of proinflammatory gene expression by curcumin is partly dependent on the modulation of signaling pathways other than NF-jB. Even though we have not observed modulation of p38 MAPK, another signaling pathway involved in the expression of proinflammatory cytokines and bone resorption (47) (48) (49) (50) (51) (52) (53) , it is important to bear in mind that our data are derived from protein from the multiple cell types present in the periodontal microenvironent. Curcumin may have differential effects on signaling pathways according to the cell type, e.g. macrophages, lymphocytes, fibroblasts and osteoblasts.
Besides its anti-inflammatory properties, curcumin is also being investigated for its therapeutic potential in cancer, as an angiogenesis inhibitor in Fig. 2 . Stereometry analysis of the histological characteristics of gingival tissues subjected to ligature-induced periodontal disease according to the dose of curcumin (30 or 100 mg/kg) administered intragastrically for 15 d. Control animals received vehicle and negative control animals were also given vehicle but no ligature was placed around the first molars. Two 50 lM · 50 lM grids were overlaid on histological images captured from hematoxylin and eosin stained slides at ·200 magnification, allowing the analysis of two Ôareas of interestÔ of 2500 lm 2 each; one was positioned 25 lM below the top of the alveolar bone crest, and the other at the base of the junctional epithelium, representing the Ôbone crestÕ and ÔsubmarginalÕ areas, respectively. The proportion of collagen, fibroblastic cells and inflammatory cells (distinguished by the morphological characteristics) in the area of interest was determined. A total of three images obtained from equally spaced slides (spanning 900 lM of the buccallingual aspect of the molars) were evaluated from each animal. Slides from at least three animals in each experimental group were used. Both doses of curcumin markedly reduced the inflammatory infiltrate in periodontally diseased tissues. The lower dose of curcumin (30 mg/ kg) induced a greater increase in the collagen content, whereas the higher dose (100 mg/kg) was associated with increased proliferation of fibroblastic cells. Bars indicate means and vertical lines the standard deviations. StudentÕs t-test was used for pairwise comparison, and showed a significant difference (*p < 0.05) in comparison with healthy (no ligature) control sites, whereas there was a significant difference ( p < 0.05) between curcumin-treated and vehicle-treated groups at periodontal disease (ligature) sites.
the treatment of corneal diseases (54) and in wound healing. Recent studies show that topical application of curcumin, incorporated in collagen vehicle, accelerated healing in experimental surgical wounds of 2 cm 2 , as indicated by enhanced cell proliferation and improved free radical scavenging in comparison with the wounds of negative control and collagen vehicle-treated rats (55) . In agreement with these reports, we observed a more organized and higher collagen content in periodontally diseased tissues of animals treated with both doses of curcumin in comparison with the tissues of the vehicle-treated control group. Importantly, we also evaluated intragastric administration of curcumin in the lipopolysaccharide model of experimental periodontal disease, which we have previously shown to present important differences in comparison with the ligature model used in this study (25) , and observed very similar results (56) , with a dose-independent inhibition of inflammatory cytokine gene expression, NF-jB activation and collagen degradation. This demonstrates the consistency of curcumin as an anti-inflammatory substance; however, the lack of inhibition of bone resorption was also consistent in the lipopolysaccharide model of experimental periodontal disease (56) . We speculate that this lack of effect on bone resorption may be related to a time delay to reach levels high enough for the biological effects of curcumin, since bone loss in the ligature model has recently been shown to occur by 3 d after placement of ligatures and stabilizes after the initial 11 d (57). These results are in contrast to in vitro studies demonstrating that curcumin inhibits RANKL-induced osteoclastogenesis (58, 59) and in striking contrast to the inhibition of bone resorption assessed in the distal femur of rats with experimentally induced type 1 diabetes (60). We could not compare the dose of curcumin in that study, since the authors added curcumin directly to the rat chow and, even though there is no objective quantification of the dose of curcumin, it was estimated to be The discrepancies may also be related to the peculiarities of each experimental model, but interestingly, these authors did not find regulation of RANKL mRNA expression by curcumin (60) , similar to what we have observed at the protein level by immunohistochemistry in the diseased gingival tissues (data not shown). Thus, it is possible that the direct effects of curcumin on osteoclast precursor cells inhibiting osteoclastogenesis are offset in vivo by the lack of regulation of RANKL expression by stromal and immune cells. The modulatory effects of curcumin on alveolar bone turnover will be addressed in future studies.
Curcumin has a long history as a traditional herbal medicine and has established anti-inflammatory properties in animals following systemic administration (38, 61, 62) . This compound is particularly interesting for therapeutic applications because its anti-inflammatory and antiproliferative effects are potent, occurring at micromolar concentrations. Moreover, clinical trials have shown no significant toxicity even when administered at 8 g/ d (40) . Although there are no reports of curcumin-induced toxicity associated with systemic administration, topical application may not only increase the potency of its effects but also prevent possible unwanted secondary effects in conditions associated with local chronic inflammation, such as periodontal diseases and rheumatoid arthritis. It is important to understand this as a proof-of-principle type of study in which the potential of curcumin to modulate inflammation associated with periodontal disease induced by ligatures in vivo was assessed for the first time. There are a number of important aspects to be considered that were not addressed in this initial study, such as the pharmacokinetics of curcumin, serum levels, alternative routes of administration (e.g. topical), vehicle used and its use with a therapeutic (i.e. after periodontal disease is established) or preventive emphasis (i.e. before induction of periodontal disease). In Fig. 5 . Curcumin inhibits cytokine gene expression in experimental periodontitis. In the absence of periodontal disease, only PGE 2 synthase (PGE 2 -s) mRNA was significantly induced by the higher dose of curcumin in the absence of ligature-induced periodontal disease. The animals were treated with 30 or 100 mg/kg of curcumin by oral gavage daily for 15 d. Control animals received the same volume of the vehicle by oral gavage. Cotton ligatures were placed around the first molars of rats bilaterally to induce periodontal disease. After 15 d, the animals were killed and total RNA was isolated from gingival biopsies with (ÔLigatureÕ) and without periodontal disease (ÔNo ligatureÕ) and used for RT-qPCR performed with predesigned primers and probes for the indicated target genes and the housekeeping GAPDH using TaqMan reagents. The results were analysed by the DCt method and expression of target genes was normalized to GAPDH expression. * Significant reduction (p < 0.05) in comparison with vehicle control with ligatures. Bars indicate means and vertical lines standard error of the mean of at least three animals in each experimental group, except for PGE 2 -s mRNA analysis, for which the samples of three animals in each experimental group were pooled to enable detection and there are no error bars. summary, our results confirm and extend our prior in vitro observations (not shown), as well as our in vivo observations in a different experimental model of periodontal disease (56) and suggest that curcumin is a candidate as an anti-inflammatory therapeutic strategy for periodontal diseases. Fig. 6 . Effective inhibition of both interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) production in periodontally diseased tissues by curcumin. In the absence of ligatures, the higher dose of curcumin was associated with increased production of IL-6, whereas TNF-a production was not affected. Gingival tissues around both lower first molars with (ÔLigatureÕ) and without experimentally induced periodontal disease (ÔNo ligatureÕ) were collected after 15 d of administration of curcumin (30 or 100 mg/kg) by oral gavage. Control animals received the same volume of vehicle. Total protein was extracted and used in ELISAs to quantify the expression of the target cytokines. These tests were performed according to the manufacturerÕs instructions, and the results for each sample were normalized to the concentration of total proteins determined by a Lowry-based microassay (DC assay; Bio-Rad). * Significant difference (p < 0.05) in comparison with vehicle control in animals with ligature-induced periodontitis. Bars indicate means and vertical lines standard error of the mean of at least three animals in each experimental group. The IL-6 concentration was determined in pooled samples from three animals in each experimental group due to the low level of expression, and the bars indicate the average of the triplicate measurement from these pooled samples.
